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The Lunar Environment: A Reovaluation

With Respect to Lunar-Base Operations

The following aspects af the lutiar envivonmwent which bear on the feastbility of fong
manhod lunar-surface missions and lunhr bastw are roviswed: gravity and maghitic fislds;
radlation; surfado tomporaturée; stmnospherd, motedroid and steohdary cjosts sk, ndtire of
the terrain arid surface materlals, and conéopts of lunar goology. Virtually afi now Inférma-
tlon on thost subjusts fa oithee faverable or, if unfavorable, predictable. It {8 concluded
that, with respeot 0 the lunae environmont, lnhat stagtimen of 3 monthn could bh ashedufod
st this timo; l-year missiona apptar fomiblo; &nd thare aro ne obvious factor definiltely
proventing eetablishinent bf & permancnt lunar base,  More information i niceded, Howover,
on meteorsid flux, trafeability of the highlants, nuture of lunar water doposits, geologioul
hasards, hasards connested with lunar transiont phenomens, and long-term tlological efests

of the Junar environmanit,

INTRODUCTION

Although the lunarsurface environment is
continually being reevaluated to deterntine its
impact on the Apollo program, there is no
comparable reevaluation of the environment t6
determine its impact on éstablishment of &
lunar Lise (considered here to be any manried
lunarsurface misaiot significantly longer than %
woeks), The purpose of this paper i to
presént & concise summary of current knowl-
edge and opinion on all aspests of the lunar
environment that ¢ould affest the success of &
lunar base.

Some sf the information presented here is
from unpublished or perdonal sources. For
this reason, and in the interest of clarity, forinal
bibliographic reference conventions are not
followed; however, main sources of published
information are listed as & bibliography at the
énd of the paper. Opinions expressed are
those of the author and do not necessarily
represent the views of NASA or of Goddard
Spate t Center.

I ami indebted to & number of engineers
ard dclentists from the Manned Spacecraft
Center, the Jet Propulsion Laboratory, God-

dard Space Flight Center; end. the Bosing Co.
for sontributing preliminary unpublished in-
formation for this review,

GRAVITY AND MAGNETIC FIELDS

The ¢onfiguration of the linar-gravity fleld
has besn partly determiried by tracking Lunar
Orbiter spacecraft for périods of several months.
It has beén found that the gravity fleld is more
hottiogenesus than it was formerly believed to
be, and that perturbations are not esiough to
cause vapid decay of low-altitide {e.g., 80
nautical miles) circumlunar satellites. At alti-
tudes of around 200 nautical miles, satellite
lifetimes of several could be expested.
These findings are important for ‘lunatr-base
opérations and in confirming the feasibility of
linar-otbital rendezvous mission modss, lo
term orbital observation and mapping of the
lunar surface, and &rcumlunar communica-
tions satellites for point-to-point or Edrth-
Moon relays. o

The surface value of the Moon's magnetiv
fleld is éstimated, from Lunar Orbiter snd

xplsrer 85 dita, to be undér 18 gaminus,
whith is closs to that of the (uiet Sun inter-
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planetary fleld, ‘The result, which has been ex-
;momd, is in accord with the lack of evidence
or lunar radiation belts, One consequence of
the abserice of a magnetic fleld, together with
the ahseénce. of a detectable atmosphere, is
that solar and cosmic radiation probahbly
reach the surface directly with little attenuation
or seattering.

The possible biological offects of the low
lunat magnaetic fleld are not knot.n, but recent
studies summatized by Busby indieste that
they muy be significant. In an experiment in
which mice were raised in magnetically shielded
cylinders, abnormal behavior, loss of hair, aud
early death were exhibited after the first getiors
ation, and reproduction stopped after the fourth
generation. Otheér experiments on humar and
animal subjeots (ineluding micro-organams)
have also produced indieations of significant
biological effects = from low-magnetic-field
strength. On the other hand, men working
in low-strength magnetic fields for several days
at a time show no ill effects. Busby points
out that much additional work in this fleld is
needed before the possible offects of very long
éxposure to wenk magnetie fields can be know.

RADIATION

Estimates ﬂ‘i the Moon’s surface radi:itm
envirstinent have ot changed matérially
1965. The only direct surface messurements
available at this time ate thuse from Luna 9,
which teported a total dose of 30 mrads/dsy,
chiefly from cosmic rays. The chief potential
radiation hazard contindes to be solar flares.
Althotigh no event violint enough to harm a
conmand-module créw has been obsirved, the
current-tiodel lunar moduls might not provide
enough protection. An exposad man in & space
suit oni the surface would probably receive skin
doses of & fen thousand rids from a vivlent
everit. Flates cannot yét bé relisbly predicted,
but sirice solur protons ake sevéral hows to
reach the Mooti (compared with 8 iintuites for
the H, light by which the flire is seen); &
luntar-stirfaco mission crew could be given
wiriiihg of dangerous rfadiation. Shieldin
equivalefit to 8 g/cni® would protect persor 1
against all but one evert in 1000; shic' ung

equivalent to 40 to 80 g/om® (as could easily be
provided by the use of lunar soil) would protect
against aven a one-in-a-céntury avent.

Studies by the Leander MeCormick Observa-
tory of tha intensity of earthlight on the Moon’s
surfate indicate that many operations could be
catried out during the lunar night, since the
expected full-Earth illumination will be equiv-
alent to good city streot lights, This would be
bright enough to read by, for example. How-
ever, tasks requiring “quick and certain” seeing
would be difficult; spacecraft landing at night
might be precluded unless lights were provided.

SURFACE TEMPERATURES

The lunar-surface temperature range i« of
courss imporfant for the design of shelters and
vehicles. The Surveyor telametry provide ' the
firet direct témperature readings, with thermal
compartments reaching tamperatures of up to
400° K. These values were in aittres-
ment with Earth-based data, although some
non-Lambertian emission was appefent. An
important indirect result of the Sutveyor tem-
peérature readings was the implication that no
significant amount of dust was sticking to the
cotipartmenits. The lunar thermal enviton-

ment, it summiary, is ssvere but generally

predictable. ,
ATMOSPHERE

No new direct information has been obtained
about the lutiar atmosphers, which is afi ex-
tremely important environmental factor affect-
ing the uséfulnass of the Moot a8 an astronom-
ical bass. However, the Sufveyet spacecraft
provided an empirical test of the atmosphere
by obtaitiing many excellent pistutes of the
golar coronia up to a distarice of 20 solar radii
abova the lunar horizon; this and the homo-
geneity of the coronal image mﬁest that the
lunar atmosphére, it any, is tot likely to cause
serious degradation of nbservations, at least for
&xposure times of around 10 minutes. The
bright line along the horizon seen from Surveyor
V1 after sunsat is generally thought ts be the
result of asurface irregulatities, although a
particle utinosphere (a few tens of centimeters
thick) had been ted. Todate, then, there

is t1o évidenice of & lunai atmosphere.
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METEOROID AND EJECTA FLUX

The expected absencs of a lunar atmosphers
makes kriowledge of the meteoroid environment
of prime importance for long lunar missions.
Probubly the best recent information about the
flux rats nedr the Moon is thut from the five
Lunar Otbiter spaceerale, which provided over-
lapping coverage for i4 months, Rach space-
eraft vairied 20 pressurized can detectors with
o total aren of 2 sq ft; of thix total of 100
detéctors, 18 (made of 0.001-inch-thick copper)
were pinctured. This puncture rate i5 Jesy
than half that of similar détectors on the Earth
satallites Explorers XVI and XXIII and is
within a factor of 2 of the flux measured by the
Pegusus satellites, which were also in Earth
orbit. No directionality was noticed in the
Lunar Orbiter results. It would appear that
the meteoroid flux near the Moon is substan-
tially less than that around the Karth. Sirice
little if any degradation of Barth sacallite
performance by meteorcid damage has been
detected even for satellites such as the Tiras
stries, some of which have operated for periods
of 1 to 3 years, this finding is very encouraging
for long-term lunar operations, It a;gm
that any operation planned for tlose Ear*h
orbit would be fessibls for the lunar surface
insofar as the miteoroid flux is corterted.

Closely related to the metéorvid flux probletu
is that of the flux of secondary fragiments from
meteoroid iimpacts. None of these have yet
been deteebedp by Strveyor spasecraft, which
indicates that the fotmer concept of a second-
ary-patticle atmosphere i overly pessimistic.
In addition, the velocities expected for setond-
aries are much lower than thoss of pritary
particles and are in the range of 150 to 200
m/set. Consequently, the secondaty problem
does not appear to be & major one until stay-
times of several years and very large exposad
arehis aie achisved.

SURFACE CONDITIONS

Surfate conditions that might affect lunar-base
opebations aré now. faily well kinown for at
leas:ﬁ the ﬁn& si'e:nie as nfruult. of the vaslois
Attierican and Soviet soft-landing spacectaft.

Electrical properties of the Strveyor landing

gites can, in principle, be inferred from the
landing rader telemetry. Preliminary results
from Susveyor I indicated that the radar cross-
section values are close to those sxpected from
Earth-based measurements and that the radar
return was fvom the visible surface or from no
deeper than 60 centireters.

he Moon's gross topography has becoine
fairly well kinawn down to & seals of & fow meters
for mich of its tatal aren, in both highland and
mare areas, A detailed disenssion of this tople
is beyond the scope of this paper. However,
mout of the preliminary Lunar Orbiter avalua-
tions and Surveyor results puint to the con-
clusion that the lunar surface offers few in-
superable obstacles to lunar-bass operations or
long-distance surface traveérses from & lunar
base. Of particular interest were the potures
of the Surveyor VII landing site on the northern
part of the Tycho ejecta blanket. The well-
known thermal and radar anomaly presented

by Tycho indicated thut lasge rough areas of

neatly bare fock might be found hers; the
Surveyor pictures indieated that the ejecta
blanket, at least, is relutively smooth and
traflicable, althougli the inside of the crater is
probably not aceessible to nor trafficable by
surface vehicles. '

Soil conditions have been thoroughly in-
vestigated by Surveyor spacecraft, and they
are éncouraging for lunat-surface operations in
two respects. First, the bearing strength is
quite high envugh for spacecraft landing and
suffaca travel, at la:lt i% the ﬁveeldmding ait::l.
Sacond, the dominantly fine-grairied fragman
natute of the lunar soil should lend itself to
eutthmoving operations such as shelter excava-
tion, instrument emplacement, and use of soil
for shielding. A further éncoutaging aspoct is
the relatively nonexotic behavior of the soil
itself, and in particular its relatively low adhe-
giot. 'This lind baen considered a major poten-
tial problem by s6me, but the normal perform-
anvé of the Survéyor surface-sampler device
ifidicates that little difficulty can be éxpected
itt hanidling the luhar sofl. A possible hazard
whoBe okisténce appears confirined by Lunar
Otbiter and Suiveyor spacscraft is that of
collapse depréasiviis if mare aféis; & fdry high
propoftion of craters in Alphoitsus afid else-
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where seem to have been formed by drainage of
material into subsurface voids; the lucation and
nature of these volds should be investigated.

GEOLOGIC CONCEPTS

A number of evolving geolopie convepis have
beating on Juner-base operations. The most
important of theso is the now generally ae.
cepted belief that the Moon has had an exten-
sive voleanic history (although most latge
eraters are generally belleved to have been
forittied initially by meteoritic of cometary
impact). It has been recognized for severl
years that a voleanie terrain would offer m
advantages to & lunar buse, such as firobable
water deposits in the form of hydrothermal
ninerals, fumaroles, or subsurface hot springs,

useful minerals such .as sulfur, and perh:E :

usable natural caves. A corresponding

advantage of a voleaic Moon is the possibi'ity
of damage by volcanic eruptions; in view of the
growing belief that the lunar transient phe-
fiomena are intertially caused, it would appear

possibla that thers is currently active voleanism

(and perhaps selsmis activity) on the Moon.
Possible sites of such activity, for axample,
Aristarchus, should bé carefully certified befors
base operations are planned for them.

Another geologic concept with implications
for lutiar bases is that of mass wasting, The
prevalencs uf bright slopes on old arater walls
has for several years been interpreted as evi-
dence that mass wasting is continually exposing
fresh material. Many features seén on the
Lunar Otbiter photoghrlu reinforced this
beliel; & possible cause of such movement of
materlal may be ground waves produced by
internal seismic avtivity or major impasts.
gi::e w‘?tﬁh! expedlgg shows that udsx::ig

ago is especally on unoonsolidi
terrain, it is clear that seimic activity or mass
movements triggeted by such aetivity is
potentially a significant hazard on the Mosn.

GEMINI PROGRAM

Medical experiences of great potaintial interest
for lunar-base operations has besh dardved
from the Gemini prograim. As reported i the
Cemini Summiary Conference, the 8pace éfi-
virontiient has proven in altmost all fegpesta

conslderably - less harmfl than maeny had
believed it to bo before long-duration manned
orbital missions, Welghtlessness in partioulns
has been found to produve few unforessers
affects for missions of up to @ weeks, It seems
feasonable to assiume that, if crews in the eori-
fined Gemini spaceeraft could withstand come
?lete weithtlessness Tor 2 weeks, staytimies of a
ew months under 1/6 ¢ in what we hope to be
the less confining quarters of a lunar basé would
have no harmiul effects,

CONCLUDING REMARKS

It is clear that more knowledgs nbout the
lunar-surface environment js noeded before &
commitment to a permanent lunar base can be
made. The main aveas about which fiore needs
to be known appear to ba:

(1) Probability of serious meteoroid damage
to ateuctures with very lurge area-expostre-
time products

(2) Noncatastrophic degradation of optical
or other surfuces by low-density metaoroids,
sputtering, and othier causes

(8) Pousible hazards connected with lunar
transiant plisnomena, which have beeh observed
to release large quantities of energy in some
unknowh way

(3) Trafficability of the lunar highlands

(8) Poustble coliapse hasards in mare terrain

(8) Looation, strusture, mineralogy, and
water content of lunur water deposite

(7) Biologioal effects for very long staytimes
with exposure to 1/8 g, primary cosmic rays,
and low magnetio fleld strength

(8) Geoligi ul hasards; in particular, sebsmio
dotivity, aotive volcanism, and landslides or
debris flows

(9) Possible danger from luniar pathogens

Deapite this list, it is true that the vast
majority of new information about the lunars
8 environment obtained in the last few
years liad been favorable. It appears that as

iwich is knowii riow with respost to lunar-base
opirations as was kiown about the ru.mm;y
of slmply latiding on the Moon in 1961, Spacii:
cilly, it i concluded that, from aft environ-
tiéntal and inedical viewjoint, lunar missions
of 3itiorith duration could bo confidently
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#cheduled at this time. Furthormore, 1-year
missfons ap fensible enough to warrant
detailed preliminary study. Finally, theve are
no known fa¢tors that would definitely prevent
the establishment of a semipermanent lunar
base (.6, one of several yours* duratin with
crew rotation).
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